Boson stars are stationary soliton-like gravitational configurations supported by a complex scalar field charged under the global U(1) symmetry. We discuss properties of boson stars in type IIB supergravity approximation to string theory. A notable difference is that in supergravity models the global symmetry of the complex scalar field is gauged. We focus on global asymptotically AdS 5 space-time, where the boson stars are expected to represent stable low-energy non-thermal excitations in holographically dual quiver conformal gauge theory.
Introduction
Consider an effective gravitational action containing Einstein-Hilbert term and a complex scalar field Ψ with an exact global U(1) symmetry,
where V is a scalar field potential, and Ψ → e iα Ψ under the symmetry transformations.
The latter symmetry allows for an interesting class of gravitational soliton-like solutions where the scalar field has a harmonic time dependence, with a nonetheless static stressenergy tensor, supporting the curved background metric on M d+1 . Such configurations, named boson stars, were extensively studied in asymptotically Minkowski space-time [1] and in asymptotically AdS space-time beginning with the work [2] 1 .
dynamical spontaneous global symmetry breaking of the dual CFT. This suggests that supersymmetric conformal gauge theories on S 3 can not have stable equilibrium states with unbroken R-symmetry below certain energy threshold. It was proposed in [12] that stable low-energy stationary states in R-symmetry singlet sector of conformal gauge theories are represented by boson stars in the gravitational dual.
Until now, the boson stars were discussed in the context of phenomenological gravity-scalar models. In this paper we construct boson stars in type IIB supergravity backgrounds holographically dual to strongly coupled quiver conformal gauge theories introduced in [13] (GHPT), and initiate analysis of their properties. Unlike the boson stars discussed earlier, boson stars arising in holography have local U(1) symmetry.
The rest of the paper is organized as follows. In the next section we review the correspondence between strongly coupled N = 1 superconformal gauge theories and holographically dual five-dimensional consistent truncations of type IIB supergravity introduced in [13] . We discuss in details the thermal equilibrium states in the theory with and without the condensate of the complex scalar field 2 . In section 3 we discuss boson stars in a toy model obtained from GHPT effective action removing the bulk gauge field (turning off the gauge coupling of the complex scalar field) and approximating the scalar potential with the appropriate mass term. We study boson stars in GHPT effective action in section 4. Finally, we conclude in section 5.
2 Quiver N = 1 supersymmetric CFT holography
In this section we discuss the holographic correspondence between a large class of strongly coupled N = 1 superconformal quiver gauge theories and GHPT consistent truncation of type IIB supergravity on five-dimensional Sasaki-Einstein manifolds. We then study thermal equilibrium states within this consistent truncation.
GHPT effective action
At weak 't Hooft coupling, the gauge theory living on a world-volume of a large number N of D3-branes places at the tip of a three complex dimensional Calabi-Yau cone X in type IIB supergravity is N = 1 superconformal (SCFT) quiver gauge theory with SU(N) gauge groups and a certain superpotential [14] [15] [16] [17] . In the planar limit and 2 In the former case we generalize the "holographic superconductor" transition for CFT on R for large 't Hooft coupling the theory is best described by type IIB supergravity on to study the hydrodynamic transport in the theory [18] it is enough to consistently truncate to a five-dimensional gravity sector with a negative cosmological constant.
Study of states of the theory with R-symmetry charge requires gauging the U(1) fiber isometry of Y 5 [19] . Finally, to study boson stars in these SCFT one needs to enlarge the consistent truncation [19] to include a complex scalar field Ψ, charged under the R-symmetry. In a special case when Ψ is dual to a chiral primary operator O ∆ of a CFT with a scaling dimension ∆ = 3 such a truncation was constructed in [13] .
Explicitly, GHPT effective action takes form
where η and θ and the modulus and the phase of the complex scalar Ψ ≡ ηe iθ , the five-dimensional Newtons constant is
The R-charge of Ψ, dual to the chiral primary O 3 ,
is fixed by the superconformal algebra 3 . In what follows we set the asymptotic AdS 5 radius L = 1. The ten-dimensional uplift of (2.1) can be found in [13] .
Thermal state without scalar condensates in microcanonical ensemble
Consider thermal states in GHPT gauge theory plasma without the scalar condensate,
i.e., η = 0. These states are represented in a holographic dual by an electrically charged 3 We use the standard normalization where the R-charge of the SCFT superpotential W is R[W] = 2.
(RN) black hole. We discuss RN black hole solution in some details mainly to set up our conventions.
We use the five-dimensional background metric as
where (dΩ 3 ) 2 is a metric on a round S 3 of unit radius, and {a, δ} are the warp factors depending on the radial coordinate y varying from the AdS boundary y = 0 to the location of the regular Schwarzschild horizon at y = y 0 < 1, y ∈ [0, y 0 ]. The background further has a nontrivial bulk gauge potential
Solving the equations of motion we find
Following the AdS/CFT dictionary, the normalizable and the non-normalizable coefficients of various gravitational modes encode the CFT data. From a general AdS boundary expansion,
µ is the RN black hole chemical potential, and the normalizable components 8) determine the charge Q and the mass M of RN black hole as
Additionally, we can compute the temperature T , the entropy S and the grand potential Ω of RN black hole as
(2.10)
Notice that the basic thermodynamic relations are satisfied:
The vacuum of a SCFT is represent by global AdS 5 solution, y 0 = 1 and µ = 0, in which case
is the Casimir energy of the CFT ground state. In what follows we find it convenient to introduce the reduced massM and the chargeQ as followŝ
In a microcanonical ensemble, we keep the mass and the charge of a BH fixed, in which case we findM
(2.14)
Notice that for a fixedQ,
for smallQ; for generalQ,M min (Q) can be computed numerically.
In GHPT plasma, described holographically by (2.1), fixed charge equilibrium states (2.9), (2.10) become unstable with respect to the condensation of the complex scalar Ψ at low-energies -this is the "holographic superconductor" transition of [13] for a plasma in R 3 . Similar phenomenon 4 occurs when GHPT plasma is confined on S 3 . To determine the onset of the instability we linearize equation for 5 η(y) ≡ y 3/2 η 1 (y) (we can choose the gauge with θ = 0) on global RN black hole background (2.4)-(2.6). For 4 We found that GHPT "superconducting" transition on R 3 occurs at T = 0.0606766(2)µ, in agreement with the result reported in [13] . 5 We explicitly factor the leading asymptotic behavior of η in defining η 1 .
a fixedQ, this equation takes form 
Without loss of generality we can normalize η 1 at the horizon to be one. Then, (2.16) has to be solved requiring normalizability of η (regularity of η 1 ) at the AdS 5 boundary 17) and regularity of η 1 at the BH horizon
Notice that givenQ, the regularity of the η 1 (y) solution to the second order ODE 
Thermal states with scalar condensate in microcanonical ensemble
The end point of the RN BH instability in GHPT model, see (2.1), is a black hole with a nontrivial condensate of the complex scalar. We refer to it as RN-Ψ black hole. Using the gauge θ = 0, the background ansatz (2.4) and (2.5) supplemented with 19) we obtain the following equations of motion (in GHPT model q = 2): 
at the regular Schwarzschild horizon, z ≡ y 0 − y → 0 + , .9) and (2.13)
In a microcanonical ensemble it is appropriate to keepQ fixed and construct a family of RN-Ψ solutions parameterized by y 0 . As the area of the BH horizon is given by
the limit y 0 → 0 corresponds to a vanishingly small BH. We use numerical techniques of [20] to construct families of RN-Ψ black holes for different values ofQ. A typical family 6 We also computed the remaining thermodynamic quantities in the grand canonical ensemble and verified the first law of thermodynamics (2.11) to an accuracy of better than 10 −6 . We would like to conclude this section with two observations: 7 We use the last 50 data points, y 0 ∈ [0.959, 0.9999].
• RN-Ψ black holes can have a mass smaller than that of a minimal mass of a RN black hole for a given chargeQ;
• in all examples we studied there is a bound on a minimal mass of RN-Ψ black holes with a fixed charge, achieved when the corresponding black hole becomes vanishingly small; furthermore,
Boson stars in a toy model
Setting q = 0, decoupling the bulk gauge filed A µ = 0, and expanding GHPT effective action (2.1) to quadratic order in η we find
which is the effective action for the phenomenological boson stars (1.1) with
Boson star solutions are found within the metric ansatz (2.4) supplemented with
where ω is a constant frequency of a boson star. Equations of motion and the asymptotic data from (3.1) take form
at the AdS 5 boundary, y → 0 + ,
at the origin, z ≡ 1 − y → 0 + ,
Effective action (3.1) has a global U(1) symmetry associated with θ → θ + α. The corresponding conserved current
gives a charge densitŷ
where the overall normalization in (3.9) is fixed to agree with theM − vs. −Q curve for the ground state boson stars in supergravity in the limitQ → 0, see section 4. Sincê
, we can use η It is possible to construct analytic solutions to (3.4)-(3.6) perturbatively in the amplitude of η: To leading order we find: Furthermore, we find
Note that for a fixedQ, higher j-level boson stars are more massive: -previous linearized stability analysis of the phenomenological boson stars in [2, 12] found instabilities prior to reaching the analog of η 
Boson stars in supergravity
To find boson stars in GHPT model (2.1) we use metric ansatz (2.4) along with
The corresponding equations of motion are similar to (2.20)-(2.23) with the replace-
in all terms except for the last one in (2.23) where we replace
Type IIB supergravity embedding of GHPT model sets q = 2.
Asymptotic data for GHPT boson stars take form:
at the origin, z ≡ 1 − y → 0 + , boson star parameter has a finite radius of convergence inQ. The data points represent the first few expansion coefficients, see (4.12) , and the red dashed line is the linear fit to the last five data points, see (4.13).
(at least at a technical level) the origin of c b 3,critical . We can invert (4.8), Numerically, we can not access zero size RN-Ψ black holes -it is possible that the precise y 0 → 0 limit of RN-Ψ black holes saturates theM = 16Q relation of the j = 0 boson stars. Finally, the solid green curve is the mass versus charge relation for the phenomenological j = 0 boson stars discussed in section 3.
Conclusion
In this paper we studied boson stars -gravitational soliton-like configurations supported by a complex scalar field -in type IIB supergravity. More precisely, we focused on GHPT model [13] , representing the holographic dual to a class of strongly coupled N = 1 quiver conformal gauge theories with a dimension ∆ = 3 chiral primary operator O 3 . Earlier work [4, 12] indicated that boson stars (and boson-star-like configurations )
play an important role in low-energy dynamics of holographic gauge theories, in particular regarding the question of equilibration. These earlier work (also [2] ), however, were restricted to boson stars with global U(1) symmetry. In gravitational holographic duals to gauge theories the global symmetries must be gauged. The role of the corresponding local symmetry is played by R-symmetry in GHPT holography.
We studied in details the spectrum of charged states in GHPT plasma confined on S 3 in a microcanonical ensemble. First, there are thermal states with O 3 = 0.
These are represented by Reissner-Nordstrom (RN) black holes in global AdS 5 . While important at high energy, these states are not expected to dominated the low-energy dynamics. On one hand, general arguments [6] suggest that they will be unstable 9 with respect to localization on a transverse compact space, spontaneously breaking the R-symmetry. In GHPT model there is a more mundane instability associated with developing the condensate O 3 = 0 at sufficiently low energy for a fixed charge. These new states are thermal, and are represented by RN-Ψ black holes. RN-Ψ black holes reach below the mass threshold for the existence of RN black holes, almost (but not quite according to our numerics) reaching the ground state branch of the boson stars.
The ground state GHPT boson stars represent remarkable configurations: unlike their counterparts in phenomenological models, their frequency is constant; furthermore, they saturate a BPS-like relation between the mass and the charge. However, these boson stars exist only below certain charge threshold.
We left many questions unanswered. It would be interesting to explicitly establish 9 The instability was explicitly demonstrated only for neutral thermal states so far [8] [9] [10] [11] .
the GL instability of RN black holes following [11] . Likewise, it is important to establish the stability of GHPT boson stars, extending the work [12] . Is there a gap in the spectrum of RN-Ψ black holes and the boson stars? Is it possible to construct charged initial conditions with energy less than that of a GHPT boson star? We hope to report on these questions in the future.
